The crystal structure of Fe 3 O 4 below the 122 K Verwey transition has been refined using high- . The classic charge ordering problem in transition metal oxides is that of magnetite, which has been unresolved for over 60 years, and which we have reinvestigated through this structural study.
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The crystal structure of Fe 3 Mechanisms for the spatial ordering of different valence states in transition metal oxides are of current interest, as charge-ordered 'stripes' have been evidenced in many manganite perovskites [1, 2] and superconducting cuprates [3] , and their dynamic fluctuations have been proposed as a mechanism of high temperature superconductivity [4] . The classic charge ordering problem in transition metal oxides is that of magnetite, which has been unresolved for over 60 years, and which we have reinvestigated through this structural study. 2 Magnetite is the parent compound for magnetic materials such as g-Fe 2 O 3 and the spinel ferrites, and its magnetoresistive properties have been of recent interest for spin electronics [5] The two B cation magnetic moments are antiparallel to the single A cation moment resulting in ferrimagnetism, and rapid electron hopping between the B site Fe 2+ and Fe 3+ ions renders these sites structurally and spectroscopically equivalent, and gives rise to the moderate electronic conductivity (4 mW.cm at 300 K).
Verwey [6] discovered that magnetite undergoes a sharp, first order transition on cooling below ~120 K at which the resistivity of magnetite increases sharply by two orders of magnitude, and the structure distorts from cubic symmetry [7] . This was explained by a charge ordering (CO) of the Fe 2+ and Fe 3+ states on the B sites in alternating layers, although this was not confirmed despite much initial research [8] . Mossbauer spectra demonstrate that localised Fe 2+ and Fe 3+ are present at the octahedral sites, and a recent study resolved two environments for each cation in addition to the tetrahedral Fe 3+ signal [9] . The low temperature structure is a rhombohedral distortion of the cubic spinel arrangement to the first approximation [10] but this splits the B sites in a 3:1 ratio and so is not consistent with the expected CO. Neutron [11] and X-ray [12] diffraction studies of single crystals and electron microscopy [13] have shown that the low temperature structure has a monoclinic Ö2a x Ö2a x 2a supercell (a is the cell parameter of the undistorted cubic phase) with Cc space group symmetry, containing 8 unique A type and 16 unique B type cation sites. A recent 57 Fe NMR study [14] has resolved the 8 tetrahedral and 15 of the 16 octahedral iron environments.
The only published refinement of the low temperature superstructure of magnetite was based on a single crystal neutron diffraction experiment at 10 K by Iizumi et al [15] . An a/Ö2 x aÖ2 x 2a subcell was used with additional Pmca or Pmc2 1 orthorhombic symmetry constraints to 3 reduce the complexity of the model. Although some differences between the inequivalent B sites were found, these were not concluded to be significant evidence for CO. A recent resonant X-ray diffraction study also reported no evidence for charge disproportionation above a sensitivity limit of 25% [16] .
As well as being an inherently complex problem, the low temperature structure of magnetite is difficult to study by single crystal diffraction as severe twinning occurs below the Verwey transition. Mechanical detwinning and magnetic alignment were used by Iizumi et al [15] , but multiple scattering and extinction problems were still encountered. To overcome these difficulties,
we have performed a combined powder X-ray and neutron diffraction study, using very high resolution instruments at intense synchrotron X-ray and pulsed neutron sources.
A highly stoichiometric sample of powdered magnetite ( peaks. Weak superstructure peaks with <1% of the intensity of the principal peaks are also observed (Fig. 1) . These can be indexed on the monoclinic a/Ö2 x aÖ2 x 2a subcell with P2/c or Pc symmetry, except for three very weak peaks which require the full Ö2a x Ö2a x 2a Cc supercell.
Hence, structure refinement was only attempted on the former subcell [18] . Refinement in the centric monoclinic space group P2/c was unstable, and so symmetry constraints from the orthorhombic Pmca group were applied [15] . This is equivalent to averaging the true superstructure over the additional symmetry operators since the reflections not indexed by this model are extremely weak. A structural model was generated by randomly displacing the atoms from their idealised cubic magnetite positions. Separate refinements of this model with the neutron and synchrotron profiles converged successfully giving similar values for the atomic coordinates.
Refinements using alternative orthorhombic symmetry constraints gave poorer or unstable fits. elsewhere.
Our refinement confirms the correctness of the symmetry approximations used by Iizumi et al [15] , however, the refined parameters differ from those in the latter study, [22] and has been treated as a prerequisite in subsequent investigations [23] .
In our Pmca-symmetry averaged model, the Anderson condition requires the B1 and B2
sites to have the same average charge 2.5+q, while B3 and B4 should have the complementary average charge 2.5-q. Our observation that sites B1 and B4 have the same average charge of +2.4
while B2 and B3 have the complementary value shows that the Anderson condition is not satisfied, so CO models that are consistent with our refinement have higher E nn energies. Class I CO represents a single charge ordered model in the Cc supercell, in which each tetrahedron of B sites contains one or three electrons giving E nn = 1.5U. There are 32 fully charge ordered models in class II, 9 of which have a minimum E nn = 1.25U. One of these arrangements ( Figure 2 ) minimises repulsions between higher neighbours and we propose this as a plausible model for long range charge ordering in magnetite that is consistent with the diffraction results. However, our results do not rule out the other class I and II models, nor do they show whether the charges are fully long range ordered on any or all of the sites B1-B4. Distinguishing between these possibilities would require reliable structure factors for the Cc superstructure reflections.
The observation that the Anderson condition of minimum electostatic repulsion is not met in the low temperature structure of Fe 3 O 4 is not surprising when compared to other CO structures. [29] . We propose that this instability is relieved via a CDW mechanism [30] , in which the small distortions associated with the charge ordering create a gap in the energy band structure leading to the observed loss of conductivity at the Verwey transition. Thus the charge ordering in magnetite is driven primarily by the distortions that create a gap in the single-electron energy spectrum, and not by electron-electron repulsions or orbital ordering, although these may play a secondary role in giving rise to the additional [00 1 / 2 ] structural modulation.
We conclude that significant (20%) charge ordering is present in magnetite below the 
